dium. Conclusion: Our results confirm that the HPLC/ESI-MS method reported earlier for measuring 5-metC allows measurement of uracil misincorporation into DNA.
Introduction
Folate deficiency presents a significant health problem [1, 2] . Evidence from studies indicates that inadequate folate intake enhances the risk of cancer because folate has critical functions in biological methylation reactions such as DNA-cytosine methylation, and in DNA synthesis or repair [3, 4] . The methylation of DNA is a fundamental mechanism for epigenetic control of gene expression and the maintenance of genomic integrity. The substrate for DNA methylation is S-adenosylmethionine, which is a product of carbon metabolism and linked to diet through folate status, but also via other naturally occurring dietary chemicals such as choline. Folate is also fundamental for the synthesis of purines and a pyrim idine nucleoside (thymidine). Thymidylate synthase cat alyzes the conversion of uridylate or deoxyuridine mo nophosphate to thymidylate (dT) or deoxythymidine monophosphate. Low folate reduces dT synthase-mediated methylation of deoxyuridylate (dU) to dT [5] . This results in a higher dU/dT ratio, an increase in uracil misincorporation into DNA, inefficient DNA repair and an increase in chromosomal segregation and breakage [3, 6, 7] .
DNA hypomethylation and uracil misincorporation/ repair are not exclusive mechanisms and both could be important in diagnostics. Since both aspects of DNA modification are strongly associated with folate status and carcinogenesis, development of an efficient method for measuring simultaneously DNA-cytosine methylation and DNA-uracil is of great interest. Several methods have been developed to determine changes in global DNA methylation [8] or in DNA fragments [9] and in uracil misincorporation into DNA. However, none of the existing procedures permits the simultaneous assessment of both 5-methylcytosine (5-metC) and 2-deoxyuridine monophosphate (dU) into DNA in one assay. Here, an existing method for 5-metC assay was optimized to allow simultaneous assay of both 5-metC and dU. The method was used successfully in this study to determine both parameters in HepG2 cell lines that were exposed to in vitro folate deficiency. It may be suggested as an efficient approach for evaluation of DNA instability in medical investigations.
Materials and Methods
Cell Culture Confluent HepG2 cells (ECACC, No. 85011430) at 60-80% routinely grown in MEM, supplemented with 20% fetal bovine serum at 37 ° C in a 5% CO 2 -humidified incubator, were first replated into 25-cm 2 culture flasks (4.5 ! 10 5 cells/flask) in complete MEM (ECM, Invitrogen, Cergy Pontoise, France) for 24 h. After another 24 h, growth medium was removed and the adhering cells were gently washed in phosphate-buffered saline. One flask was immediately used for DNA extraction and was referred to as T0. In all other flasks cells were grown in either control experimental medium, i.e. ECM, or in a folic acid-depleted medium (FDM). Media were added such that the cells were maintained under these conditions for the incubation period: 24 h (T24), 48 h (T48), or 72 h (T72). All media were supplemented with 4% of dialyzed fetal bovine serum and 1% L -glutamine.
DNA Extraction and Treatment
Genomic DNA was isolated from cells using the Trizol reagent (Invitrogen), following the manufacturer's instruction, and frozen at -20 ° C until analysis. To avoid any RNA contamination, 1-g DNA samples were first treated with both RNAse A (SigmaAldrich R4642, Lyon, France) and RNAse T1 (Ozymes EN0101, St. Quentin-en-Yvelines, France) to a final concentration of 10 units/ml at 37 ° C for 1 h [10] . This RNA removal step is of high importance because it avoids the quantification of uracil and other nucleosides present in RNA. DNA cleanup was conducted using the QIAamp DNA Micro kit (Qiagen, Courtaboeuf, France). Enzymic hydrolysis of DNA was performed as follows: DNA was first denatured by heating at 100 ° C for 3 min and subsequently chilled on ice. One-tenth volume of 0.1 M ammonium acetate (Sigma-Aldrich, Lyon, France) and 2 units of nuclease P1 (Sigma-Aldrich, N8630) were added. The mixture was then incubated at 45 ° C for 2 h. One-tenth volume of 1 M ammonium bicarbonate (Sigma-Aldrich) and 0.002 units of venom phosphodiesterase I (Sigma-Aldrich, P3134) were subsequently added to the solution. Incubation was continued for additional 2 h at 37 ° C. Thereafter, the mixture was incubated for 1 h at 37 ° C with 0.5 units alkaline phosphatase (Sigma-Aldrich, P4978).
5-metC and Uracil Assay
Twenty microliters of hydrolyzed DNA solution was used for chromatographic analysis. Mixtures of the standard bases 2-deoxyadenosine (dA), 2-deoxyguanosine (dG), dT, 2-deoxycytidine (dC), and dU at 100 M and 5-metC at 5 M (Sigma-Aldrich) were used as standards to prepare the calibration curve. Nucleoside quantitation was monitored with a reverse phase-high performance liquid chromatography (RP-HPLC) coupled to a Finnigan LTQ mass spectrometer (Thermo Fisher Scientific, Courtaboeuf, France). Chromatography was performed using a 2.0 ! 150-mm Gemini C18 column (5 m particle size, Phenomenex, Le Pecq, France). Nucleosides were eluted by 7 m M ammonium acetate pH 6.7/methanol 95/5 (v/v) at a flow rate of 0.3 ml/min. Electrospray source condition was spray voltage 5 kV. The mass spectrometer was operated at a capillary voltage of 34 V and capillary temperature of 330 ° C. The ion trap mass spectrometer was set in positive ion detection mode and gated to detect ion species with an m/z ratio of 112, 113, 126, 127, 136 and 152 for dC, dU, 5-metC, dG, dT and dA, respectively.
Statistics
Statistical analyses were performed using StatView-5 (SAS, Cary, N.C., USA). Differences between means were determined by the Student t test and ANOVA. Results are presented as means 8 SD. A p value less than 0.05 was considered statistically significant.
Results
Typical HPLC/MS chromatograms of standards and DNA digests are shown in figure 1 . The peaks eluted correspond to dC (at 2.8 min), dU (at 4.2 min), 5-metC (at 5.3 min), dG (at 6.6 min), dT (at 8.1 min), and dA (at 15.6 min). We observed a peak eluted at 9.2 min corresponding to an unidentified compound. External standard curves obtained with the dC or dU for each assay were highly reproducible with no significant difference in slopes between the runs in three different assays. The linear correlation coefficients (R 
Discussion
In vitro moderate folate deficiency is associated with a decrease in DNA methylation and DNA instability measured as uracil misincorporation into DNA [11] . Using HPLC/electrospray ionization mass spectrometry (ESI-MS), Friso et al. [10] reported a sensitive method for the measurement of small amounts (1 g) of methylated cytosine residues in genomic DNA. The method allowed separation and identification of the major DNA bases: dA, dG, dT, dC, and 5-metC. This method was used in the present study for measuring simultaneously 5-metC and dU. Removing RNA uracil by treating extracted DNA with RNAse A and RNAse T1 before analysis was an important step in this method, as dU can be provided by RNA. This may be the first attempt to quantify both 5-metC and dU simultaneously in DNA samples.
The method was applied to genomic DNA from the HepG2 cell line grown either in ECM or FDM. As shown in table 1 , there was global hypomethylation of genomic [7, [11] [12] [13] . In the present study, the absolute amounts of 5-metC and dU determined in control cells at T0 were 1.24 ng/ g and 6.34 pg/ g of DNA, respectively. It is well known that both parameters are tissuespecific and can change according to the culture medium used or the individual subject concerned. This analysis may be a useful tool when used in conjunction with an initial, basic state of cells in culture, or a control group in a population study. In mammalian genomes 5-metC represents 3-10% of cytosines [14] . For uracil also, a wide range of DNA-uracil levels (0.2-129 pg/ g) in human cells have been reported in the literature [12, 13, [15] [16] [17] . This wide range is probably accentuated by technical difficulties. A major complication in the analysis of uracil content in DNA is probably in situ deamination of cytosine residues [18] . Deamination turns a C-G pair into a U-G mismatch and, unless repaired by a uracil-DNA glycosylase, can increase uracil content in DNA. Two major points need to be validated in the future for application of this method in medical investigation. The first is concerned with DNA-uracil concentrations in healthy human blood cells (or specific normal tissues) and the second with artefact in uracil content due to cytosine deamination. These issues need further investigation.
Conclusion
Our results confirmed that the HPLC/ESI-MS method reported earlier for measuring 5-metC allowed the measurement of uracil misincorporation into DNA. It may also be refined for evaluation of cytosine deamination. The method may be suggested as an efficient approach for the evaluation of DNA instability in folate defi ciency.
